Aims/hypothesis Type 2 diabetes has been associated with upper gastrointestinal motility dysfunction, but the relationship with diabetes duration and glucose control is less well understood. Gastric emptying, oesophageal motility and gastrointestinal symptoms were examined in volunteers with diabetes, prediabetes (impaired fasting glucose [IFG] or impaired glucose tolerance [IGT]) and normal glucose tolerance (NGT). Methods The study included 41 patients with type 2 diabetes, 17 individuals with IFG/IGT and 31 individuals with NGT. A gastric emptying breath test and high-resolution oesophageal manometry were performed. Gastrointestinal symptoms were assessed using questionnaires. Results Gastric emptying was delayed in individuals with IFG/IGT ( p<0.05) but was normal in the diabetic group. Amongst the diabetic patients, gastric emptying rate was fastest in those with longer diabetes duration and the highest HbA 1c levels ( p<0.001). Oesophageal motility variables were similar between the groups. However, the lower oesophagus resting pressure was reduced in patients with longer diabetes duration ( p=0.01). Abdominal pain/discomfort was more frequent amongst patients with diabetes ( p=0.04) but was unrelated to gastric emptying. Significant associations between various oesophageal motility variables and gastrointestinal symptoms were observed. Conclusions/interpretation Gastric emptying and oesophageal motility are not generally altered in patients with type 2 diabetes. In more advanced disease stages, however, gastric emptying and oesophageal motility may be disturbed, probably as a consequence of autonomic neuropathy. Delayed gastric emptying in IFG/IGT individuals might be secondary to acute hyperglycaemia. Determination of gastric emptying and oesophageal manometry should be considered for the diagnostic workup of patients with diabetes and gastrointestinal symptoms.
Introduction
Glucose homeostasis and upper gastrointestinal functions are tightly interrelated [1] [2] [3] . It is well known that gastric emptying has a major impact on postprandial glucose regulation [4] . Decelerating the velocity of gastric emptying or intestinal glucose absorption has been established as a glucoselowering principle in the treatment of type 1 and type 2 diabetes [5] [6] [7] [8] ; accelerating gastric emptying can increase postprandial glucose excursions [9] . Furthermore, various peptide hormones from the gastrointestinal tract, especially the incretins glucose-dependent insulinotropic polypeptide and glucagon-like peptide-1 (GLP-1) have important glucoregulatory actions [10] [11] [12] [13] .
Glucose metabolism can influence upper gastrointestinal motility. Various studies have demonstrated that acute hyperglycaemia markedly delays the rate of gastric emptying, slowing down the entry of nutrients into the circulation [14, 15] . Under conditions of hypoglycaemia, gastric emptying is typically accelerated, which facilitates the delivery of glucose into the duodenum [16] .
While the acute effects of different glucose concentrations on gastric emptying are generally well accepted, controversial findings have been reported in patients with type 2 diabetes. Accelerated, delayed and normal gastric emptying rates have all been found in different studies in patients with type 2 diabetes [2, [17] [18] [19] [20] [21] [22] [23] . It has also been reported that upper gastrointestinal symptoms are more prevalent in patients with type 2 diabetes than in non-diabetic individuals [2] .
Oesophageal motility has been less well studied in patients with type 2 diabetes. The available studies have demonstrated normal oesophageal motility, delayed oesophageal transit times and reduced pressure of the lower oesophageal sphincter (LES) [22, [24] [25] [26] . However, most of these studies have been performed using conventional manometry catheters, which do not allow for continuous pressure monitoring throughout the oesophagus.
Although the use of different methods (scintigraphy, ultrasound, MRI, dye dilution techniques, breath tests for gastric emptying, conventional multichannel manometry or radiographic examinations for oesophageal motility) may explain some of the discrepancies between these studies, it is likely that different patient characteristics also have a major impact on the respective results. In this regard the extent of autonomic neuropathy, the quality of glucose control and the duration of diabetes are clearly important [2, 23] .
Finally, the potential alterations in oesophageal motility and gastric emptying in prediabetic individuals (those with impaired fasting glucose [IFG] or impaired glucose tolerance [IGT] ) are largely unknown. The present study therefore applied high-resolution oesophageal manometry and a validated gastric emptying breath test to examine the prevalence and extent of upper gastrointestinal disorders in individuals with diabetes, IFG/IGT and normal glucose tolerance (NGT). The findings were analysed in relation to subjectively reported gastrointestinal symptoms, patient characteristics and postchallenge glucose control.
Methods

Study design
A prospective study was designed to examine various autonomic disorders in relation to oral glucose tolerance. This manuscript reports the findings of the examinations of upper gastrointestinal functions and symptoms. Participants with and without known diabetes were recruited from local advertisements, as well as through patient database screening, and asked to participate in a series of gastrointestinal, cardiological and neurological tests. In patients without previously known type 2 diabetes, an OGTT was performed to assess glucose tolerance status. Thereafter, volunteers were categorised according to American Diabetes Association diagnostic criteria as having NGT, prediabetes (IFG or IGT) or diabetes according to their oral glucose tolerance and patient history [27] . The study protocol was approved by the local ethics committee of Ruhr University Bochum (26 August 2010) , and all participants gave their written informed consent.
Study participants
A total of 89 individuals (45 men and 44 women) of European descent participated in the study. Amongst those, 41 had type 2 diabetes, 17 had prediabetes (11 IFG and six IGT) and 31 had NGT. Participants' characteristics are reported in Table 1 . In four of the 41 patients with type 2 diabetes, the diagnosis was newly made on occasion of the OGTT. Twenty-six patients were treated with oral glucose-lowering drugs only (metformin in 21 cases, sulfonylureas in nine cases, dipeptidyl-peptidase 4 (DPP-4) inhibitors in nine cases, meglitinides in three cases), four patients were on insulin only, and seven patients were treated with a combination of insulin and oral glucose-lowering drugs (metformin in six cases, sulfonylurea in one case, DPP-4 inhibitors in two cases). The mean diabetes duration was 10.1±1.3 years. None of the participants was taking any medication known to affect gastric emptying. To minimise confounding effects of various comorbidities, specific exclusion criteria were applied for each test and are detailed in the electronic supplementary material (ESM) Methods.
Study procedures
Screening visit All participants underwent a general clinical examination and the following variables were assessed: age, height, weight, waist and hip circumference. Venous blood samples were taken for measurement of standard haematological and clinical chemistry variables. Vibration sense was determined at the malleolus medialis using a Rydel-Seiffer tuning fork. In participants without previously known diabetes, an OGTT was performed over 120 min. If participants met the respective inclusion criteria, they were asked to complete the Diabetes Bowel Symptom Questionnaire (DBSQ) and the Gastroparesis Cardinal Symptom Index (GCSI) questionnaire.
High-resolution oesophageal manometry The examination was performed in the morning (08:00 hours), following a fasting period of at least 12 h. The test was performed using a solid-state catheter with 36 circumferential pressure sensors spaced at 1 cm intervals (Unisensor, Attikon, Switzerland) with the participants in the seated position. Details of the procedure are given in the ESM Methods. .5 g carbohydrate. The total energy content was 2,098 kJ. Venous blood samples were obtained twice at fasting and at 15 min intervals after meal ingestion for the measurement of plasma glucose. Breath specimens were sampled into gastight plastic bags for the determination of 13 CO 2 content. The gastric retention-time profile as well as the gastric emptying t ½ and the time when 10% of the test meal was emptied from the stomach (lag time [t LAG ]) were determined from the time profile of the excess 13 C concentration in the exhaled air. Details of the gastric emptying breath test are given in the ESM Methods. The morning medication of the study participants was taken after completion of the gastric emptying breath test.
Laboratory determinations
Plasma glucose concentrations were determined from venous blood samples using the glucose analyser SUPER GL easy (Dr Müller Gerätebau, Freital, Germany). A plasma biochemical profile was assessed in all subjects by standard in-hospital methods.
DBSQ
This questionnaire was introduced by Quan et al in 2003 and consists of various parts that contain questions about upper and lower gastrointestinal tract symptoms [28] . Details of the questionnaire are described in the ESM Methods.
GCSI
The GCSI questionnaire was developed to assess the severity of symptoms associated with gastroparesis [29] . The GCSI is based on a 2 week recall period and three subscales: postprandial fullness/early satiety, nausea/vomiting and bloating. The questionnaire contains nine questions that are scored from 0 to 5 points each. The minimum score is 0 points, while the maximum is 45 points. Higher scores indicate greater severity of symptoms. (1) overall differences between the different groups, independently of the respective time patterns; (2) differences over the time course, independently of the respective groups; and (3) differences between the groups over the time course. If a significant (p<0.05) interaction between group and time was documented, values at single time points were compared by one-way ANOVA, followed by Duncan's post hoc test. All other variables were compared by one-way ANOVA, followed by Student's t test. A p value <0.05 was taken to indicate a significant difference. Correlation as well as contingency analyses were carried out using linear or non-linear regression functions and χ 2 tests, respectively. GraphPad Prism 4 (La Jolla, CA, USA) software was used for these analyses.
Results
Postprandial glucose concentrations
As expected, fasting plasma glucose concentrations were higher in individuals with IFG/IGT and diabetes compared with those with NGT ( p<0.05; Fig. 1 ). In individuals with IFG/IGT, postprandial glucose levels remained higher than in those with NGT over the entire 240 min after meal ingestion ( p<0.05). The postprandial course of glucose concentrations in diabetic individuals was much higher than in those with IFG/IGT or NGT ( p<0.001).
Consistent with previous studies, there was a significant linear correlation between the incremental glucose concentration 60 min after meal ingestion and the respective percentage of gastric retention at that time point (r=−0.16, p=0.0002).
Gastric emptying
Eighty volunteers participated in the gastric emptying breath test (36 with diabetes, 16 with IFG/IGT, 28 with NGT). After 240 min, 19.4±3.4%, 29.9±3% and 15.9±2.4 of the test meal was still retained in the stomach of participants with diabetes, IFG/IGT and NGT, respectively (p=0.03). Also, the overall time course of gastric emptying was significantly delayed in IFG/IGT individuals, with significant differences vs NGT participants 60 min after meal ingestion (Fig. 1) . The time course of gastric emptying was not different between individuals with diabetes and NGT.
There were no significant differences in gastric emptying t ½ (75.3±4.1, 70.5±5.7 and 77.1±11.1 min, respectively; p= 0.87) and t LAG (27.6 ± 1.6, 30.8 ± 4.1 and 26.5 ±2.8 min, respectively; p=0.57). To examine whether the duration of diabetes had an impact on gastric emptying, the group of patients with diabetes was divided into tertiles according to their diabetes duration. There was a significant difference in the time course of gastric emptying between the groups, with the patients with the longest diabetes duration exhibiting the fastest gastric emptying rate and those with the shortest duration showing the slowest gastric emptying rate ( p<0.0001; Fig. 2 ). Gastric retention after 240 min was inversely correlated to diabetes duration (r=−0.15, p=0.02).
To examine the impact of chronic hyperglycaemia on gastric emptying, the diabetic group was divided into tertiles according to HbA 1c levels. Gastric emptying was significantly faster in the tertile with the highest HbA 1c levels compared with the tertile with the lowest HbA 1c levels ( p<0.001).
High-resolution oesophageal manometry ; differences between the groups, p<0.0001 in (a) and (b); and differences due to the interaction between group and time, p<0.0001 in (a) and (b). In (a), significant differences between patients with diabetes and IFG/IGT as well as between patients with diabetes and individuals with NGT were found at all time points, whereas significant differences between individuals with IFG/IGT and NGT were found from t=60 until t=105 min. In (b), significant differences between patients with diabetes and IFG/IGT were found between t=30 min and t=240 min, and significant differences between individuals with IFG/IGT and NGT were found between t=60 min and t=240 min. In (c) and (d), the p values were 0.87 and 0.56, respectively (one-way ANOVA)
NGT). There were no differences in oesophageal pressure, sphincter relaxation or contractile front velocity measurements between participants with diabetes, IFG/IGT or NGT (Table 2) .
Using the normal ranges for upper oesophageal sphincter resting pressure, LES resting pressure, distal contractile front velocity, distal contractile integral, intrabolus pressure and integrated relaxation pressure, the number of participants with abnormal findings was 18 (64.3%) in the diabetic group, five (50%) in the IFG/IGT group and nine (45%) in the NGT group ( p=0.39).
When the patients with diabetes were divided into tertiles according to their diabetes duration, the resting pressure of the LES was significantly higher in patients with shorter diabetes duration (57.6±7, 47.5±11.4 and 24.8±2.6 mmHg for patients with short, intermediate and long diabetes duration, respectively; p=0.015) (Fig. 2) . This was confirmed by linear regression analysis, revealing a significant inverse relation between diabetes duration and LES resting pressure (r=−0.31, p=0.002).
Abnormal LES resting pressure measurements were determined in six out of nine patients with short diabetes duration (67%), two out of nine patients with intermediate diabetes duration (22%) and zero out of ten patients with long diabetes duration (0%; p=0.005).
When the diabetic patients were categorised according to their HbA 1c level, no differences in any of the manometric variables became apparent (details not shown). ; differences between the groups, p<0.0001 in (a) and (b); and differences due to the interaction between group and time, p<0.0001 in (a) and (b). In (a), significant differences between patients with short and long diabetes duration were found at all time points, and significant differences between patients with intermediate and long diabetes duration were found from t= 45 min until t=240 min. In (b), no significant differences were obtained at individual time points. In (c), the p value was 0.07; in (d), the overall p value was 0.015 (one-way ANOVA), with a significant difference between patients with short and long diabetes duration scores were 13.4±0.5, 13.0±1.0 and 12.4±0.5, respectively ( p=0.46). There were also no differences regarding the severity of symptoms in part B2 (3.5±0.9, 3.6±1.7 and 2.9±0.9, respectively; p=0.89).
DBSQ and GCSI
The mean scores of the gastroparesis questionnaire were 3.2±0.8, 3.4±1.5 and 2.6±0.5, respectively ( p=0.8).
There were no differences in either part of the symptom scores of the DBSQ or the gastroparesis questionnaire between the different tertiles of diabetes duration or HbA 1c (details not shown).
Relationship between upper gastrointestinal functions and symptoms
Gastric emptying variables were unrelated to either part of the DBSQ or GCSI. By contrast, there was a significant association between part A of the DBSQ and LES resting pressure (r=0.09, p=0.04), as well as between part A and integrated relaxation pressure (r=0.15, p=0.005), indicating higher frequency and severity of abdominal pain/discomfort in individuals with a higher LES pressure and/or impaired LES relaxation during deglutition. There was also a significant association between distal contractile front velocity and part B of the DBSQ (r=0.1, p=0.02 and r=0.26, p=0.0002 for the first and second part of the DBSQ, respectively), indicating higher frequency and severity of upper gastrointestinal symptoms in individuals with faster contractions of the distal oesophagus. The latter was verified by the detection of a significant relation between distal contractile front velocity and GCSI (r=0.18, p=0.002). Gastrointestinal symptoms were unrelated to diabetes duration, HbA 1c level or vibration sense.
Discussion
The present study was designed to examine upper gastrointestinal motility and symptoms in individuals with diabetes, IFG/ IGT and NGT. Using a [ 13 C]octanoate breath test and highresolution oesophageal manometry, we found no differences in gastric emptying or oesophageal motility between individuals with and without diabetes. In IFG/IGT individuals, however, gastric emptying was significantly delayed. Furthermore, in diabetic patients with long diabetes duration gastric emptying was faster, whereas the tone of the LES was highest in patients with short disease duration.
The lack of a general delay in gastric emptying in patients with diabetes was rather unexpected, as gastric emptying is often believed to be delayed in diabetic patients. However, previous studies have revealed normal, delayed or accelerated gastric emptying measurements in patients with diabetes [2, [17] [18] [19] [20] [21] [22] [23] . The discrepancies between the studies might reflect unequal patient characteristics. The present group of diabetic patients had relatively good metabolic control (HbA 1c 7%
[53 mmol/mol]) and an average diabetes duration of~10 years. Importantly, they exhibited only minor signs of peripheral neuropathy. It is therefore likely that they were also largely unaffected by autonomic neuropathy. By contrast, most previous studies that have described gastric emptying abnormalities in patients with diabetes have included individuals in poorer glycaemic control (HbA 1c 8-11% [64-97 mmol/mol]) and with overt signs of neuropathy [2, [17] [18] [19] [20] [21] [22] [23] . In line with such reasoning, abnormal gastric emptying was found only in patients with long diabetes duration and a high HbA 1c level who also exhibited a significant reduction in vibration sense. Thus, only the results obtained in the subgroup of patients with long diabetes duration were comparable to the results of populations examined in previous studies, where the extent of late complications was rather extensive.
Arguably, abnormalities in gastric emptying in patients with diabetes might have been overlooked, because gastric emptying was determined using a breath test rather than by scintigraphy. However, the breath test applied has been shown to correlate well with gastric emptying scintigraphy and exhibits high sensitivity and specificity values [30] . Furthermore, it is theoretically possible that recruitment from a patient database and advertisements might have biased the selection of study participants, but the impact of this factor should be limited because of the similar recruitment strategy in all three groups.
Another surprising finding of this study was the delay in gastric emptying after 240 min in IFG/IGT individuals. It should be emphasised that, although statistically significant, these differences were modest in nature and no differences in gastric t ½ and t LAG were observed. Given the absence of overt neuropathic complications in IFG/IGT individuals, this delay cannot readily be explained by autonomic neuropathy. More likely, the deceleration of gastric emptying in the IFG/IGT group might be secondary to hyperglycaemic excursions. Indeed, even though fasting glucose and HbA 1c levels were only modestly increased in the IFG/IGT group, there was a marked increase in postprandial hyperglycaemia in these individuals. Given the well-characterised negative impact of acute hyperglycaemia on the velocity of gastric emptying [14] , it is likely that the rise in glucose levels secondarily caused a delay in gastric emptying. From a general physiological point of view, this glucose-induced retardation of gastric emptying might prevent excessive rises in postprandial glycaemia in IFG/IGT individuals.
The fact that gastric emptying was accelerated rather than delayed in patients with a higher HbA 1c value might argue against the impact of hyperglycaemia on gastric emptying. Unlike the prediabetic individuals, however, the patients with long-standing type 2 diabetes were exposed to chronically elevated hyperglycaemia rather than to brief hyperglycaemic excursions. Furthermore, autonomic neuropathy was more prevalent in these patients than in those at the earlier stages of the disease.
The low prevalence of delayed gastric emptying in patients with type 2 diabetes may nevertheless support the clinical use of glucose-lowering therapies that delay gastric emptying, such as GLP-1 analogues or amylin analogues, because presumably the efficacy of such treatments is diminished in patients with slow gastric emptying.
As a potential limitation of the present study, examination of gastro-oesophageal functions was restricted to the use of high-resolution manometry and did not include radiographic measurements of oesophageal transit times or 24 h oesophageal pH measurements. Previous studies using these methods, conventional oesophageal manometry or radionuclide emptying have revealed faster oesophageal transit times, abnormal oesophageal contractions and reduced pressure measurements of the LES in patients with diabetes [24] [25] [26] . These conditions have also been assumed to predispose to an increased risk of oesophageal reflux and even Barrett's oesophagus in diabetic patients [31, 32] . However, overall very few studies have addressed oesophageal motility disorders in patients with diabetes [33, 34] , and the majority have used conventional manometry catheters, which provide measurements at very few positions in the oesophagus. In the present study, high-resolution manometry was applied to obtain multiple pressure measurements throughout the oesophagus. In contrast to previous studies, no overall differences in oesophageal contractility, sphincter pressure or relaxation were found. In patients with shorter diabetes duration, however, the pressure of the LES was significantly increased compared with that in patients in the later stages of the disease. Overall, these findings suggest that oesophageal motility may be altered by the presence of hyperglycaemia [33, 34] .
This study has also revealed a higher prevalence of abdominal pain/discomfort in patients with diabetes, in line with findings of previous studies [35, 36] . Of note, the subjectively reported symptoms were largely unrelated to the velocity of gastric emptying. By contrast, oesophageal motility, especially the tone of the LES, was significantly related to the presence and severity of abdominal pain/discomfort. This indicates that the frequently reported abdominal discomfort in patients with diabetes is more likely to be secondary to abnormalities in oesophageal than in gastric motility. Therefore, oesophageal manometry should be considered for the diagnostic workup of such symptoms in patients with diabetes.
The GCSI used in this study was based on a 2 week recall period. Arguably, a daily diary might have provided a more reliable assessment of gastroparesis symptoms.
Overall, this study has revealed a much lower prevalence of gastric emptying and oesophageal manometry disorders in patients with type 2 diabetes than have previous studies [30] . Furthermore, no overt gastroparesis was found in this examination, and the degree of gastric emptying alterations, even in the cases with advanced diabetes, was mild. The relationship of both gastric and oesophageal disorders with diabetes duration or glucose control in this study suggests that improvements in diabetes care over recent decades have led to a reduction in manifest gastrointestinal disorders in patients with diabetes. This observation is in line with the reduction in mean HbA 1c levels over recent years, as well as the lower rates of myocardial infarction in diabetic patients [37, 38] .
From a clinical point of view, both high-resolution manometry and the gastric emptying breath test can be useful assets for the diagnostic workup of patients with diabetes. It appears reasonable to determine gastric emptying in patients with otherwise unexplained postprandial glucose excursions to exclude accelerated gastric emptying. Furthermore, in patients with postprandial discomfort, oesophageal reflux and dysphagia, highresolution manometry might be a valuable diagnostic option following thorough endoscopic evaluation.
In conclusion, in the present group of patients with well-controlled type 2 diabetes, gastric emptying and oesophageal motility were not generally altered, suggesting that the extent of gastrointestinal disorders in patients with diabetes has been reduced over recent decades due to improved standards of care. In more advanced stages of the disease, however, gastric emptying was accelerated, whereas LES tone was increased in the early stages of the disease. The delay in gastric emptying in prediabetic individuals might be secondary to the acute rises in postprandial glucose concentrations. The observed association between upper gastrointestinal symptoms and oesophageal motility suggests that oesophageal manometry should be considered for the diagnostic workup of patients with diabetes and gastrointestinal symptoms.
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